Abstract A comparison between an unconstrained and a partially constrained system for in vitro biomechanical testing of the L5-S1 spinal unit was conducted. The objective was to compare the compliance and the coupling of the L5-S1 unit measured with an unconstrained and a partially constrained test for the three major physiological motions of the human spine. Very few studies have compared unconstrained and partially constrained testing systems using the same cadaveric functional spinal units (FSUs). Seven human L5-S1 units were therefore tested on both a pneumatic, unconstrained, and a servohydraulic, partially constrained system. Each FSU was tested along three motions: flexionextension (FE), lateral bending (LB) and axial rotation (AR). The obtained kinematics on both systems is not equivalent, except for the FE case, where both motions are similar. The directions of coupled motions were similar for both tests, but their magnitudes were smaller in the partially constrained configuration. The use of a partially constrained system to characterize LB and AR of the lumbosacral FSU decreased significantly the measured stiffness of the segment. The unconstrained system is today's ''gold standard'' for the characterization of FSUs. The selected partially constrained method seems also to be an appropriate way to characterize FSUs for specific applications. Care should be taken using the latter method when the coupled motions are important.
or multi-segmental samples [11, 26] , as well as to test implants and fixations devices for the spine [1, 6, 8, 10, 20, 23, 31] .
Unconstrained systems are designed to let the tested segment completely free to move and rotate along the six DOF of a rigid body. Pure torque being applied, the segment will follow a free pathway to its stable position and rotate around its ''own'' rotation axis. Coupled motions occur, especially for boundary conditions breaking the sagittal plane of symmetry, such as lateral bending (LB) and axial rotations (ARs). This testing method is appropriate to characterize the three-dimensional motion of the L5-S1 FSU.
Constrained systems do not let the segment move and rotate along the six DOF. These systems restrict motions along certain direc tions and some additional forces/ torques are therefore produced. The center of rotation is constrained and is not allowed to move freely according to the samples' geometry and to the studied loading case (i.e., injured and stabilized segment). The main advantage of such systems is the simplicity of applying loads or displacements with universal materials testing machines.
We define partially constrained systems as constrained-like systems with more than zero DOF, but with less than six DOF (as for the fully unconstrained system). With such systems it is possible to apply loads or displacements in a specific direction and to control loads or displacements in the others. New laboratory servohydraulic equipment allows this combination of such forces and displacements and is less sensitive to the positioning of the center of rotation than fully constrained systems. Coupling can also occur and be measured with such systems. Their main advantages are the possibility to control torques, forces, angles and displacements in multiple directions and to apply dynamic boundary conditions to the tested segment.
This study does not intend to compare the accuracy of load-controlled versus displacement-controlled spine testing system to the in vivo case [14, 27, 28] . A good review has been made concerning this point by Goel et al. [12] . The purpose of the present study is to compare the compliance curves of the lumbosacral FSU measured with a partially constrained system and an unconstrained system using the same anatomical specimens.
Materials and methods
Seven fresh human cadaveric L5-S1 FSUs (four male, three female, average age 79 years) were obtained in agreement with the ethics regulations of the affiliated hospital. CT scans and radiographs of the specimens did not show the presence of osteophytes, endplate sclerosis or disc space narrowing beside normal degenerative changes. All non-ligamentous soft tissues were removed before mounting the FSUs in polymethylmethacrylate (PMMA) blocks. FSUs were wrapped with watersoaked cloth, put in a plastic bag and kept in a freezer at )25°C. The night before testing, they were left to thaw at ambient temperature.
The FSUs were tested in flexion-extension (FE), bilateral AR and bilateral lateral bending (LB) using first an unconstrained (custom designed, also used for the study by Grassmann et al. [13] ) and then a partially constrained system (MTS, Minneapolis, Minn., USA). The former system (Fig. 1a) involved the application of stepwise unconstrained pure moments (0, 2.5, 5, 7.5 and 10 Nm) on L5 in the principal motion direction, allowing motion along six DOF that was quantified using an optoelectronic camera (Northern Digital, Waterloo, Ontario, Canada). S1 was fixed and unable to move. This procedure was repeated three times and data were recorded during the last cycle. The segment was left creeping for 1 min between each moment increment. According to Panjabi et al. [24] , a flexibility protocol has been used for this configuration. The latter was a commercial multiaxial system (Fig. 1b) , which allowed the control of a maximum of three DOF. This system is called the ''partially constrained system'' in this paper. For each specimen, the Cardan angles measured with the unconstrained system were used as an input for the subsequent measures with the partially constrained system.
For the FE motion, FE angles were applied, axial torque and axial force being strictly kept to zero. For the LB motion, bilateral LB angles were applied, axial torque and axial force being strictly kept to zero. Finally, for the AR motion, bilateral AR angles were applied, axial force being strictly kept to zero. All other motion directions were fixed. The specimens were positioned on and aligned to the systems with frontal and lateral X-ray radiographs.
For the sake of direct comparison between the two experiments, it is necessary to characterize the nonlinear compliance curves by some variables. Stiffness is calculated as the slope of the observed linear part of the compliance curve (between 2.5 and 10 Nm) and the neutral zone by its intersection with the angle axis. For a type of motion (e.g. an unconstrained flexion) all experimental data of the seven specimens are also fitted with a two-parameter power law (Eq. 1).
Angle decomposition
In order to compare these two testing methods as accurately as possible, it is necessary to express the variables in the same reference system. The goal of this work being to quantify the movement of L5 compared with S1, a reference system is associated with each vertebra and the relative movement of the one compared to the other will be measured or calculated according to the experimental method used. The origin of the reference system associated with L5 is the inferioposterior point of the average sagittal plane of the vertebral body. For S1, the vertebral body being more difficult to distinguish individually, since it is fused with the different sacral vertebrae, the origin of the reference system is located at the superioposterior point of the average sagittal plan. For the two systems of axes, the X axis is directed towards the left and it is perpendicular to the sagittal plan. The XZ plan selected was defined parallel to the lower endplate of the vertebral body of L5, respectively the upper endplate of that of S1. Figure 2 shows a schematic sagittal representation of the segment and its associated reference systems.
All rigid body motions have been described in three axis rotations and one translation using the ZYX Cardan angle decomposition.
Helical axis of rotation
The motion of a rigid body may be expressed with a unique rotation about and a unique translation along a particular axis [33] . The axis along which the object translates and rotates is called the helical axis (or screw axis). This representation of a joint motion is very useful in order to understand and compare complex motions, such as joint movement. It is therefore possible to compare the helical axis of rotation of a joint and the translation of the bones involved in a joint. The mathematical helical decomposition of such angle and translations used in this study was done according to Kinzel et al. [18] . Considering the helical axis, the helical angle is defined as the angle measured around this axis and the helical torque is the projection of the torque on this axis. Helical stiffness is calculated as the slope of the observed linear part of the helical compliance curve (helical angle versus helical torque) and the helical neutral zone by its intersection with the helical angle axis.
Statistical analysis
Statistical comparisons between the unconstrained and the partially constrained results were conducted using the two-sample Wilcoxon signed rank test. Significance was attributed to P values below 0.05. Fig. 1a,b Picture of mechanical test set-ups. a Unconstrained system in the FE configuration with a L5-S1 FSU (1). Pulleys (2) are used to apply a pure torque. The upper PMMA block (3) is free to move in all directions. Eight active infrared light-emitting diodes (4) enabled the measurement of the three-dimensional relative motion. b Partially constrained system in the FE configuration with a L5-S1 FSU (1) embedded in PMMA (2). The MTS multiaxial servohydraulic system (3) allows the application of controlled torque, force, displacement or angle Table 1 for all motions. In order to simplify the presentation of the results, coupled motions are not shown in this paper. The coupled motions measured on the unconstrained system agree with those found by Panjabi et al. [26] . The directions of coupled motions, which are allowed to occur on the partially constrained system, were similar for both set-ups, but the magnitudes were smaller in the partially constrained configuration, especially in axial torsion and LB. The largest motion and neutral zone occur in flexion. In AR, the neutral zone is the smallest and stiffness the largest compared with the other motions.
For FE (Fig. 3a) , stiffness did not show significant differences between both methods (Fig. 4) . Furthermore, directions and magnitude of the allowed coupled motions were similar. No significant differences were found between unconstrained and partially constrained neutral zones (Fig. 5, P=0 .15 for flexion and P=0.28 for extension motion). Considering AR (Fig. 3b) , a significant difference in stiffness (P=0.047) was found between the unconstrained and partially constrained methods. The unconstrained principal motion was 26% stiffer than the partially constrained one. No significant differences were found between unconstrained and partially constrained neutral zones (P=0.81). Finally, considering LB (Fig. 3c) , more significant differences in both stiffness (P=0.015) and neutral zone (P=0.016) were found. The unconstrained principal motion was 53% stiffer than the partially constrained one. The unconstrained neutral zone was 6% larger than the constrained one.
For FE, there is also no significant difference between helical stiffness (P=0.22 for flexion and P=0.25 for extension). In flexion, the helical neutral zone is 15% larger for the unconstrained compared with the partially constrained system (P=0.015). In extension, no significant differences have been observed (P=0.31). For bilateral axial rotation, there is also no significant difference between helical stiffness on both systems (P=0.25). The helical neutral zone is 56% larger for the unconstrained compared with the partially constrained system (P=0.006). For bilateral LB, the helical stiffness is 35% larger for the unconstrained compared with the partially constrained system (P=0.0398). The helical neutral zone is 52% larger for the unconstrained compared with the partially constrained system (P=0.0005).
The helical axis averaged over the seven FSUs of the left lateral bending (motion which gave the most impor- and bilateral LB (c). They were fitted with the four experimental data for each experiment and for each motion and compared with the study of Panjabi et al. [26] tant differences in the stiffness and neutral zones between both systems) is shown on Fig. 6 for both systems. The unconstrained helical axis of rotation differs extensively from the partially constrained set-up, as coupled motions are more important on the former system.
Discussion
Despite the advanced age of our anatomical specimens, the principal flexibility curves obtained with the unconstrained method in FE, AR and LB were consistent with previous data [26] . The FE motions depend extensively on the disk material properties and stiffness of these disks increases with age. Therefore, it seems reasonable that our elderly segments are somewhat stiffer than the one tested by Panjabi et al. [26] for the FE motion. By contrast, the range of motion in axial rotation is dominated by the presence of the facets and in particular of the remaining thickness of cartilage [9] , which may explain the increased laxity of our aged segments when compared with the ones measured by Panjabi et al. [26] .
The partially constrained method appears to provide the same FE behavior as the unconstrained method. Since the coupled translations are comparable, the partially constrained set-up could therefore be used as an alternative to the unconstrained one for this particular motion. As a result, dynamic testing of L5-S1 segments could be envisaged for the FE motion type. However, a precise placement of the axis of rotation is recommended in order to keep the results comparable. According to the studies of Panjabi et al. [25] and Haher et al. [16] , the axis of rotation is located around the vicinity of the posterior longitudinal ligament, near the posterior point of the average sagittal plan of the vertebral body (as used in this study and shown in Fig. 2 ). These authors claim that changing the position of the axis of rotation has a profound effect on the flexibility curve of the tested FSU.
The position of the axis of rotation was found to be nearly equivalent on the two mechanical set-ups for the FE motion. As coupling is negligible for such movement, the axis of rotation is almost perpendicular to the sagittal plane. Differences between the sagittal locations (YZ plan) of the axis do not exceed 15 mm. The difference is mainly due to the positioning of the segment on the partially constrained machine. For such a system, aligning the sagittal machine axis to the average plan of the disk and the longitudinal machine axis to the superioposterior point of the average sagittal plan of S1 will shift the axis of rotation posteriorly and cranially. For the unconstrained system, fixing S1 to the table and let only L5 move will shift the axis of rotation caudally. Despite these dissimilarities between the results obtained on both systems, the mechanical behavior of the segment is comparable. Trying to characterize the mechanical behavior of injured segments or segments with fixations or implants with the partially constrained system for the Fig. 4 Box-whisker plots of stiffness compared between both systems. The boxes represent the upper and lower quartiles, whereas the whiskers show the maximum and minimum values. Significant differences are designed by an asterisk after the P value Fig. 5 Box-whisker plots of the neutral zone compared between both systems. The boxes represent the upper and lower quartiles, whereas the whiskers show the maximum and minimum values. Significant differences are designed by an asterisk after the P value Table 1 Coefficients and associated standard deviations of the power law (Eq. 1) for all motions on both systems. The results for the unconstrained system are printed in italics FE motion may increase the difference between the results found on both systems. The natural axis of rotation may shift with these new conditions and additional forces may be generated in the partially constrained configuration. The use of a partially constrained system to characterize lateral bending and, to a lower extend, AR of the lumbosacral FSU decreases significantly the measured stiffness. Given the rigorously controlled testing conditions, this behavior cannot be attributed to damage or tissue degradation and was previously observed by Grassmann et al. [13] in AR of lumbar FSUs. It was shown that coupled motions tended to restrict the principal motion of lumbar FSUs. Constraining the segment reduces the coupled motions and decreases the principal stiffness. It is not easy to conceive why the stiffness increases with the number of free DOF on the testing set-up because the opposite would be true for a linear system
As the helical axis (for the whole motion) is not oriented and positioned identically in the two configurations, the FSU is tested along two quite distinct motions. The helical decomposition tends to decrease the differences between stiffness, because all motions are taken into account in this case (main motion + coupled motions). On the one hand, the mean stiffness of the FSUs tested on the partially constrained system for the bilateral LB remains almost constant, independently of the used decomposition (7.5 Nm/deg in the Cardan decomposition and 7.7 Nm/deg in the helical decomposition). On the other hand, the mean stiffness of the FSUs tested on the unconstrained system for the same motion decreases from 9.5 Nm/deg in the Cardan decomposition to 7.0 Nm/deg in the helical decomposition. In the partially constrained configuration and in the LB case, the helical neutral zone and stiffness remain smaller than in the unconstrained configuration. Furthermore, differences in the mean axis of rotation position averaged over the seven FSUs (22 mm for the bilateral AR in the XZ plan and 25 mm for the bilateral LB in the XY plan, both laterally) is larger than for the FE motion and are mainly due to the large amount of coupling for such motions. Consequently, the decrease in stiffness associated with the constrained loading path must be intrinsic to the geometrically and materially non linear mechanical behaviour of the lumbosacral FSU and should be confirmed by the use of a finite element model including the joint facets with the corresponding boundary conditions.
Combining this study with the one conducted by Grassmann et al. [13] provides new information on the flexibility of the lumbosacral FSU and the related testing methods. As found for the completely constrained axial rotation [13] , we have found that constraining the segment decreases its stiffness. The same results have been found for LB, and the decrease of the stiffness was even more pronounced. While the softening mechanism enforced by the constrained boundary conditions remains unknown, this novel property associated with the nonlinear behaviour of the FSU may become of significance for in vivo loading in healthy and/or degenerative condition. For the FE motion, both constrained and unconstrained systems are comparable, and both could therefore be used for the characterization of intact FSU. Trying to characterize the mechanical behavior of injured segments or segments with fixations or implants with the partially constrained system for the FE motion may increase the difference between the results found on both systems. The natural axis of rotation may shift with these new conditions and additional forces may be generated in the partially constrained configuration.
Conclusions
According to our findings, particular care should be given when quantifying and comparing the kinematics of the intact or instrumented spine with experimental setups of various degrees of constraints for AR and to an even larger extent for LB. The obtained kinematics on the investigated unconstrained and commercially available partially constrained systems is not equivalent; i.e., the segment does not follow the same pathway to the equilibrium positions, except for the FE case, where both motions are similar. Furthermore, as in vivo boundary conditions are mixed conditions (i.e., torques and forces, rotations and translations are simultaneously imposed to various parts of the segment) that are not well identified, it remains difficult to impose realistic boundary conditions to the segment in vitro. 
